the resulting embryos into Swiss Webster recipients, and (c) intercrossing the double heterozygous offspring. Colonies were maintained by crossing double-KO males with females heterozygous for the SR-BI null mutation and homozygous for the apoA-I or RAG-2 mutation to optimize the low yield of SR-BI homozygotes (19) . It has been possible to obtain only a few homozygous null SR-BI KO mice on an essentially pure C57BL/6 background (backcrossed nine times to pure C57BL/6 mice). Experiments with these (n = 3; 4-month matings, no litters) and additional mixed background SR-BI KO mice (n = 19; not shown) confirmed the previously reported (20) extremely low fertility of female SR-BI KO mice. PCR was used for genotyping the various mutant mouse lines. The primers for analyses were as follows: for SR-BI, the primers were as previously described (19) ; for apoA-I, the following set of four primers were used: 5′-cttgggtggagaggctattc-3′, 5′-aggtgagatgacaggagatc-3′, 5′-catctcgcacctttagccat-3′, and 5′-tctctgtgcccaggaaggta-3′ (sequences and protocols originally from the Jackson Laboratories), or we used primers 5′-acccagactgtcggagagct-3′ and 5′-catcttgctgccatacgtgc-3′; and for RAG-2, the primers were 5′-agcctgcttattgtctcctg-3′ and 5′-ggcaccggacaggtcggtcttgac-3′ (kindly provided by Charles Whitehurst, Massachusetts Institute of Technology). All animal studies were approved by the Massachusetts Institute of Technology Committee on Animal Care.
To test the fertility of genetically, surgically, or pharmacologically manipulated female mice, virgin females were housed continuously with wild-type males, and numbers of litters and pups were counted during the mating period. When the females exhibited very little or considerably reduced fertility (i.e., SR-BI KO, double SR-BI/apoA-I KO, and double SR-BI/RAG-2 KO mice), the matings were conducted for 4 months. Otherwise shorter 1-to 2-month mating periods were used when the fertile females produced litters relatively quickly.
Ovary transplantation. Donor SR-BI KO or control wild-type mice (5-6 weeks of age) were sacrificed by cervical dislocation, and the ovaries were removed (24) . Hosts (RAG-2 KO mice), 4-6 weeks of age, were anesthetized with 2.5% Avertin (intraperitoneally), and ovary transfer surgery was performed as described previously (24) . In brief, ovaries of the host mice were removed from the surrounding ovarian bursa by cutting the side opposite to the ovarian hilus. Ovaries from the donor mice were then inserted into the ovarian bursa and the bursa closed with Vetbond tissue adhesive (3M Animal Care Products, St. Paul, Minnesota, USA). In sham ovary transplants (n = 5), ovaries of SR-BI KO mice were removed and reinserted into the same mouse (either unilaterally when the contralateral oviduct was cut, n = 1, or bilaterally, n = 4). The transplanted hosts were mated with wild-type males 2-3 weeks after surgery and the offspring genotyped by PCR as described above.
Results
SR-BI expression in the liver is crucial for normal murine lipoprotein metabolism (16, 18, 19) . It extracts cholesterol (as cholesteryl esters) from the hydrophobic cores of circulating plasma HDLs (and other lipoproteins) by a selective uptake pathway (18, 25, 26) ,
Figure 1
Effects of genetic disruption of the apoA-I gene (a) or probucol treatment (b and c) on plasma lipoprotein profiles of wild-type and SR-BI KO mice. Plasma lipoproteins were separated by size-exclusion chromatography (Superose 6-FPLC), and total cholesterol was measured for each fraction (expressed as milligrams per deciliter of plasma). Approximate elution positions of VLDL, IDL/LDL, and HDL are indicated as described previously (19) . Lipoprotein-cholesterol profiles of (a) wild-type (dashed line, pooled plasma from four mice); SR-BI KO mice (open circles, pooled plasma from seven mice); apoA-I KO mice (open triangles, pooled plasma from three mice); and SR-BI/apoA-I double-KO mice (filled triangles; average of three chromatograms from three mice); (b) wild-type mice fed first with normal chow (open squares, pooled plasma from four mice, same as dashes in a); then with 0.5% probucol-enriched chow for 11 days (filled squares, pooled plasma from four mice); and (c) SR-BI KO mice fed first with normal chow (open circles, pooled plasma from seven mice, same as in a); and then with 0.5% probucol-enriched chow for 25 days (filled circles, pooled plasma from seven mice). The average plasma total cholesterol levels (± SEM) were: wild-type, 103.4 ± 3.8 mg/dl (n = 7); SR-BI KO, 211.5 ± 6.2 mg/dl (n = 13); apoA-I KO, 25 ± 1.2 mg/dl (n = 3); SR-BI/apoA-I KO, 105.3 ± 19.2 mg/dl (n = 3); probucol-fed wild-type, 33.6 ± 3.4 mg/dl (n = 9); probucol-fed SR-BI KO, 107.8 ± 6.3 mg/dl (n = 14). All total cholesterol differences greater than 10 mg/dl were statistically significant (P < 0.05).
thus controlling the plasma levels of HDL cholesterol and the structure of the HDL particles (e.g., restricting the growth in size of the particles by selectively removing core lipid). In SR-BI KO mice there are abnormally high (approximately twofold) levels of plasma total cholesterol, most of which is found in abnormally large, heterogeneous, apoE-enriched HDL-like particles (19) . This can be seen in the lipoprotein cholesterol profiles in Figure 1 . In these experiments, murine plasma samples were size fractionated (largest lipoprotein particles elute first: VLDL> IDL>LDL>HDL), and the cholesterol content of each fraction was measured. In wild-type females ( Figure 1a , dashed line) most of the cholesterol is in normal-size HDL, while in SR-BI KO females Figure 1a , open circles) much of the cholesterol elutes earlier in abnormally large HDL particles. To determine if the abnormal HDLs in SR-BI KO females play a role in their infertility, we used genetic and pharmacologic methods to modify the structure of HDL and lower the amount of plasma HDL cholesterol in these animals, then subsequently examined their fertility by mating them with wild-type males.
We first crossed the SR-BI KO mice with mice that cannot synthesize apoA-I (apoA-I KO mice (23, 27) , the major -but not the only -protein component of the HDLs in both wild-type and SR-BI KO mice (19) . ApoA-I itself is not required for fertility (27) . The lipid and apolipoprotein compositions of HDL in apoA-I KO mice differ from those in wild-type mice (e.g., increased apoE in the HDLs of apoA-I KO mice) (27) . As reported previously (27) , these mice have a low level of plasma cholesterol, the bulk of which is HDL of somewhat larger size than normal HDL (Figure 1a , open triangles). There was a substantial increase in the amount of large, HDL-like cholesterol in the SR-BI/apoA-I double-KO mice (Figure 1a , filled triangles) relative to that in the apoA-I KO mice. This suggests that SR-BI participates directly in the clearance of cholesterol from apoA-I-deficient HDL. It also suggests that, even though there is only a relatively small lipoprotein cholesterol pool in apoA-I KO mice (27) , there is nevertheless a substantial, SR-BI-dependent flux of cholesterol through this pool. Consistent with this possibility are earlier studies that showed that (a) other apolipoproteins found in HDL (e.g., apoA-II) can serve as ligands for SR-BI (28); and (b) adenovirus-mediated overexpression of SR-BI in apoA-I KO mice results in the loss of virtually all of the apoA-I-deficient HDL cholesterol (K. Kozarsky and M. Donahee, personal communication). There was a reduction in the amount of HDL-like cholesterol in the SR-BI/apoA-I double -KO relative to SR-BI KO (Figure 1a , open circles) mice, with the greatest reduction seen in the smallest, normal-sized HDL particles (fractions [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Therefore, in the context of a SR-BI KO background, the loss of apoA-I resulted in significant changes in the structure of the HDL (e.g., no apoA-I, altered size distribution) and the amount of HDL cholesterol.
Virgin SR-BI/apoA-I double-KO females (approximately 6-8 weeks of age) were mated with wild-type males for 4 months, and pregnancies and litter sizes counted. During the 4-month mating period, 41% (7 of 17) became pregnant and carried their litters to term (Figure 2 , dark gray bars). Observed litter size varied from one to four (average 2.2), and pups from the litters of three or more were nursed properly (smaller litters were cannibalized), developed normally, and had the expected genotypes. The time of mating for the first litter to be born varied from 21 days to 3.5 months (average 56 ± 12 days). These results establish that SR-BI is not absolutely required either in the ovaries or extraovarian tissues for successful pregnancies, provided that the extraovarian environment is appropriate (e.g., apoA-I-deficient).
The intrinsic ability of SR-BI-deficient ovaries to produce significant levels of fertilizable oocytes was confirmed in bilateral ovary transplantation experiments in which SR-BI-negative ovaries from SR-BI KO mice were transplanted into ovariectomized SR-BI-positive hosts (n = 7). Immunocompromised RAG-2 KO mice (29) were used as hosts to minimize host-versus-graft rejection. Lipoprotein profiles of RAG-2 KO mice, analyzed by FPLC, were virtually identical to those of wildtype mice (data not shown). After mating with wildtype males, six out of seven RAG-2 KO females with SR-BI-negative ovaries (85.7%) became pregnant and carried the pregnancies to term. The litter sizes varied from one to eight, and all offspring were heterozygous for the SR-BI mutation, confirming that the oocytes originated from the transplanted ovary. Some of the mice became pregnant immediately after being mated to the males only 2-3 weeks after the transplantation surgery. Thus, the SR-BI-negative ovaries very rapidly developed the capacity to produce functional oocytes in an SR-BI-positive environment. No pregnancies were observed during the 4-month mating period in control (sham) surgeries (n = 5), thus the surgical manipulation was unlikely to have been responsible for the successful pregnancies. The possibility that the reduced immunological competence of the RAG-2 KO host mice (29) might have potentially rescued the fertility of the SR-BI-negative ovaries was examined by generating SR-BI/RAG-2 double-KO females and mating them with wild-type males. None of the SR-BI/ RAG-2 double-KO mice (plasma lipoprotein profile, analyzed by FPLC, was similar to that of the SR-BI KO mice (data not shown)) that were mated (n = 6 for a 4-month period) had litters suggesting that reduced immunological competence was unlikely to have enhanced the fertility of SR-BI-negative ovaries transplanted into the RAG-2 KO mice. Taken together, these results confirm that ovarian expression of SR-BI is not required during embryonic development (when primordial follicles are generated) or for adult maturation and ovarian function (conversion of primordial follicles to antral follicles and ovulation) for production of functional oocytes in an appropriate extraovarian environment (e.g., SR-BI-positive or apoA-I-negative).
It seems likely that apoA-I-dependent changes in the structure and/or composition of the lipoproteins in the SR-BI/apoA-I double-KO females were primarily responsible for the partial restoration of fertility. Similarly, it is tempting to speculate that either the presence of normal lipoproteins or absence of abnormal lipoproteins in the plasma of RAG-2 KO hosts was the major factor enabling the transplanted SR-BI KO ovaries to produce fertilizable oocytes in this otherwise SR-BI-positive environment. Because these animals have different mixed genetic backgrounds, it is possible that some unknown modifier alleles may have influenced fertility in these experiments. To test this independently, we examined the effects on fertility of modifying the abnormal HDL-cholesterol in SR-BI KO mice with the powerful HDL cholesterol-lowering drug probucol (30) . As described previously (19) , we found that the baseline plasma total cholesterol levels of the SR-BI KO mice were two times higher than those of the wild-type mice (SR-BI KO mice, n = 13, 211.5 ± 6.2 mg/dl; wild-type mice, n = 7, 103.4 ± 3.8 mg/dl). Probucol treatment reduced plasma cholesterol levels by approximately 67% in wild-type (Figure 1b) and approximately 49% in SR-BI KO (Figure 1c ) mice without substantially altering the apparent sizes of the HDLs. Thus, the as yet undefined mechanism by which probucol lowers murine plasma cholesterol (and possibly modifies the structure of lipoproteins) (31, 32) does not require the expression of SR-BI. Remarkably, probucol-treatment, which began 1-3.5 weeks before mating and continued throughout the experiment, completely restored fertility to the SR-BI KO mice, measured either as percentage of experimental females producing litters (93%, Figure 2a, light gray bar) , or as average number of pups per month delivered per female mated (Figure 2b, light gray bar) . Fertility was relatively rapidly restored by drug treatment, as seen by the brief average time from mating to delivery -28.4 days (approximately 19 days of which are accounted for by the typical time for murine gestation). Probucol treatment was significantly more effective in restoring fertility than genetically ablating apoA-I expression (Figure 2, compare light and dark gray bars) . These data show that the infertility of SR-BI KO mice is not due to irreversible defects in embryonic or postnatal ovarian development. In addition to its lipid-lowering effects, probucol exhibits antioxidant and possibly other activities (33, 34) that might have influenced fertility. However, when the probucol, SR-BI/apoA-I double-KO mice and ovary transfer experiments are considered together, it seems likely that abnormal lipoprotein metabolism is responsible for the infertility of SR-BI KO females and that appropriate modification of the structure/composition/abundance of the lipoproteins can restore fertility in the absence of ovarian and extraovarian SR-BI expression.
Discussion SR-BI KO females have abnormal HDLs, ovulate dysfunctional oocytes and are infertile. We used surgical, genetic and pharmacologic methods to show that the fertility of SR-BI KO females (or their transplanted oocytes) can be restored in the absence of ovarian and/or extraovarian SR-BI expression by manipulations that modify the structure, composition and/or abundance of their abnormal plasma lipoproteins. These manipulations included inactivation of the apolipoprotein A-I gene and administration of the cholesterol-lowering drug probucol. Thus, it seems likely that abnormal lipoprotein metabolism is responsible for the reversible infertility of SR-BI KO females.
Many strains of mutant or transgenic mice with alterations in other genes affecting adult lipoprotein metabolism (e.g., LDLR, apoE, LCAT, VLDLR, HL, PLTP, CETP, ABCA1) (35-44) exhibit abnormal increases or decreases in plasma cholesterol comparable or greater in magnitude than that seen in SR-BI KO mice. However, the abnormal lipoprotein cholesterol profile of SR-BI KO mice (Figure 1 ) appears to be unique. With one exception, these other mice have not been reported to exhibit female infertility. Thus, altered plasma cholesterol per se is not sufficient to cause infertility. The exception is impaired female fertility (placental malformation) of homozygous ATP-binding cassette transporter A1 (ABCA1) KO females (45) . These mice have almost no spherical plasma HDL particles, apparently because of defective cholesterol efflux from cells to nascent HDL particles (43, 44) . While the relationship between the female infertility in SR-BI KO and ABCA1 KO mice remains to be defined, it appears that only very specific abnormalities in lipoprotein structure/composition cause murine female infertility.
Interestingly, in the "restricted ovulator" (R/O) strain of chickens, an inactivating mutation in the oocyte vitellogenesis receptor results in hyperlipidemia, oocyte growth defects, and female sterility (46) . This VLDL receptor-like protein binds both major yolk lipoproteins, VLDL and vitellogenin, and provides a variety of nutrients for embryogenesis (reviewed in refs. 47, 48) . Because of the substantial differences in the development, structure, and fate of avian and murine oocytes, the mechanisms underlying the female infertility of the R/O chicken and the SR-BI KO mouse may not necessarily be similar.
There are several mechanisms by which lipoproteins could influence fertility in mice. First, it is possible that lipoproteins, especially HDL, normally serve as carriers of important permissive fertility factors in female mice. For example, a candidate component of HDL that might be critical is vitamin E, which is transported in lipoproteins, can be delivered to cells via SR-BI and is required for murine female fertility (49) (50) (51) (52) (53) . The abnormal plasma lipoproteins in SR-BI KO mice may be unable to provide required fertility factors for normal oocyte production in mice that have no ovarian SR-BI activity. In the case of the SR-BI-negative ovaries transplanted into otherwise SR-BI-positive RAG-2 host animals, the absence of abnormal lipoproteins, presence of normal lipoproteins, or both appears likely to be the cause of the restored fertility. Alternatively SR-BI KO mice may be infertile because their abnormal lipoproteins inhibit critical ovarian functions. Reduction in the amounts of such "toxic" lipoproteins by either the removal of apoA-I by mutation or probucol treatment might restore fertility. In either case, it appears that the liver can influence ovarian function, at least in the case of SR-BI-negative ovaries, because of its importance in controlling lipoprotein metabolism. This raises the possibility that, in addition to the well-studied hypothalamichypophyseal-ovarian, hypothalamic-adrenal-ovarian, and ovarian-uterine axes, an hepatic-ovarian axis may play a role in the ovarian/extraovarian interactions required for fertility.
It is estimated that for 10-20% of women with infertility problems, the underlying causes are unknown (2, 54). We are not aware of any reports exploring the potential etiology of abnormal lipoprotein structure or metabolism in these patients, although a few studies have examined the potential role of lipoproteins in female infertility associated with endocrine disturbances such as polycystic ovarian syndrome (55, 56) . Because HDL is the only lipoprotein present in substantial amounts in the follicular fluid surrounding the developing oocyte in humans (8, 9) , it is possible that changes in HDL (structure/composition/abundance) and/or SR-BI structure and function in humans may disturb oocyte maturation or function, and thus contribute to infertility. The analysis of SR-BI KO mice suggests that additional investigation of potential relationships between abnormal lipoprotein metabolism and human female infertility of unknown etiology may be informative and may possibly lead to new therapeutic approaches for some infertile women.
